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advantageous over sodium salicylate because it is insoluble at the 
acid pH of the stomach and passes suspended but undissolved into 
the small intestine, sparing the gastric mucosa direct contact.26–28 
Blood salicylate levels are nonetheless comparable to those 
following administration of sodium salicylate. Furthermore, 
salsalate is generic and inexpensive, so established safety and 
efficacy in diabetes would have potential health–economic benefit 
worldwide. In proof-of-concept studies, we assessed the effects 
of targeting inflammation with salsalate to lower glycemia in 
patients with type 2 diabetes.

Experimental Methods

Study subjects and design
Protocols were approved by the Institutional Review Boards; 
informed consent was obtained from all participants. Subjects 
without clear documentation of diabetes underwent a 75-g oral 
glucose tolerance test.29 Three distinct studies were conducted 
sequentially utilizing three distinct patient cohorts; subjects 
were not randomized by study. The first two studies used an 
open-label trial design of 2-week duration, one dosed at 4.5 g/d 
salsalate (1.5 g thrice daily) to match the dosage and duration used 
historically to improve glycosuria12,17,24 and the second at 3 g/d (1.5 
g twice daily) as recommended to minimize side effects (Caraco 
Pharmaceuticals). The third study utilized a randomized double-
masked, placebo-controlled trial design of 4-week duration to 
evaluate efficacy at maximum tolerable dose. 

Trials 1 and 2
Antihyperglycemic medications were discontinued 1 month 
prior to baseline. Subjects were instructed to monitor fasting 
blood glucose levels and with symptoms of hyperglycemia or 
hypoglycemia, and to avoid changing dietary or exercise habits. 
Subjects received misoprostol (200 μg orally four times daily), 
beginning 3 days prior and throughout the 2-week treatment 
period, to compare results to those from the previously conducted 
high-dose aspirin study.24 
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Introduction
Inflammation participates in the pathogenesis of insulin 
resistance, type 2 diabetes (T2D),1–3 and cardiovascular disease 
(CVD).4,5 Weight gain and obesity are accompanied by activation 
of at least two inflammatory pathways in adipose tissue and liver, 
the stress kinase JNK6,7 and the transcription factor NF-kB,8,9 
which increases the production of proinflammatory cytokines 
and chemokines (e.g., TNF-a, IL-6, IL-1b, resistin, and MCP-1) 
and promotes the recruitment of macrophages to adipose 
tissue.10,11 Inflammatory mediators induce insulin resistance 
locally in fat and liver, and systemically in skeletal muscle. The 
subacute chronic inflammation of obesity may therefore provide 
pharmacological targets for intervention. 

Salicylates were shown over a century ago to lower glucoses 
in patients with diabetes12–14; recent studies confirm earlier 
observations.15–18 While nonacetylated (e.g., sodium salicylate, 
salsalate, and trilisate) and acetylated (aspirin) forms of salicylate 
are widely used to treat rheumatic pain, it is important to 
understand distinctions in mechanism of action. Even at low 
doses, aspirin effectively inhibits cyclooxygenase enzymes, 
Cox 1 and Cox 2, through covalent transacetylation of active 
site serine residues; this irreversibly inactivates the enzymes 
and prevents catalysis of the committed step in prostaglandin 
synthesis.19 Lacking an acetyl group, nonacetylated salicylates 
do not   modify cyclooxygenase enzymes. At significantly higher 
concentrations than those required for Cox inhibition, both 
nonacetylated salicylates and aspirin inhibit the IKKb/NF-kB 
axis,20–23 a pharmacologically distinct drug target. 

While a 2-week course of high-dose (approximately 7 g/d) 
aspirin reduces glucose and lipid levels and improves insulin 
sensitivity in patients with diabetes,24 prolonged exposure 
to such high doses of aspirin would have unacceptable side 
effects, especially potentially serious gastrointestinal bleeding. 
Nonacetylated salicylates do not modify Cox enzymes, inhibit 
platelets, or prolong bleeding time,25 and are therefore not 
associated with increased bleeding risk.26–28 Salsalate (DisalsidTM), 
a dimeric prodrug comprising two esterified salicylate moieties, is 
used to treat patients with rheumatologic conditions. Salsalate is 
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entry, participants were treated by lifestyle modification alone 
or in conjunction with either sulfonylurea or biguanide therapy 
(stably dosed for >4 weeks and continued for the trial duration). 
After an overnight fast, subjects received a mixed meal tolerance 
test with blood samples collected at baseline and every 30 minutes 
for 2 hours (8 oz. BoostTM, Novartis, Freemont, MI, USA; 240 
calories; 41 g carbohydrate, 10 g protein, 4 g fat). Subjects were 
then randomized to receive placebo or salsalate (4.0 g/d), orally, 
divided twice daily. Misoprostol was not administered to subjects 
in trial 3. Fasting laboratory profiles were assessed after 2 and 4 
weeks, and mixed meal tolerance tests were repeated after 4 weeks. 
In the event of tinnitus, drug or placebo was held for one dose 
and resumed with dose reduced by 500 mg/d. 

Assays
Plasma glucose was measured with a Beckman Instrument Glucose 
Analyzer-2 (Beckman Coulter, Fullerton, CA, USA). Immunoassays 
were performed in duplicate by commercial assay including RIA 
for insulin and C-peptide (Diagnostic Systems, Webster, TX, USA), 
adiponectin (LINCO, a division of Millipore, Billerica, MA, USA), 
and ELISA for free fatty acids (WAKO, Richmond, VA, USA), IL-6 
(R&D, Minneapolis, MN, USA) and sCD40L (Bender Medsystems, 
Burlingame, CA, USA) and nitrite (Cayman Chemicals, Ann 
Arbor, MI, USA). hsCRP was analyzed by immunoturbidometry 
(WAKO). Glycated albumin was evaluated by Hitachi 911 lipid 
and protein analyzer and kits from AsahiKasei (Tokyo, Japan). 
Deuterated glucose (6,6-[2H2]-glucose) enrichment was measured 
by gas chromatography-mass spectrometry analysis.32 NF-kB DNA 
binding activity was assessed by ELISA using neutra-avidin plates 
(Pierce Biotechnology, Rockford, IL, USA) preimmobilized with 
5’-biotin-labeled, double-stranded NF-kB binding oligonucleotides. 
Isolated peripheral blood mononuclear cells (PBMC) were lysed 
with Passive Lysis Buffer (Promega, Madison, WI, USA). DNA-
bound NF-kB was detected using anti-p65 antibody (Santa Cruz 
sc-372, Santa Cruz Biotechnology, Santa Cruz, CA, USA), and 
quantified using HRP-conjugated antirabbit IgG.

Statistical analyses
Subject characteristics are presented as mean ± standard deviation, 
data as mean ± standard error. Statistical analyses included 
paired (pre to post) and unpaired (salsalate to placebo) Student’s 
t-tests and analysis of variance (ANOVA, StatView); results are 
considered significant with two-tailed p-values <0.05. Bonferroni 
corrections for multiple endpoint testing were not performed in 
these proof-of-principle studies. 

Results

Trials 1 and 2 
Since the trials were conducted 
sequentially, subjects were 
not randomized and baseline 
characteristics for trials 1 and 
2 differed (Table 1). Of note, 
the seven subjects dosed at 
4.5 g/d (trial 1) differed from 
the nine subjects dosed at 3.0 
g/d (trial 2) by having lower 
fasting glucose and HbA1c 
and by the inclusion in trial 1 
of two persons with IGT. 

Fasting glucose levels fell by approximately 1.1 mmol/L 
(20 mg/dL) in both 4.5 and 3.0 g/d cohorts (Figure 1A). For  
the 4.5 g/d group, this represents a substantial reduction  

IVGTTs and hyperinsulinemic-euglycemic clamps
Frequently sampled intravenous glucose tolerance tests (FSIGTT) 
and hyperinsulinemic-euglycemic clamp studies were performed 
following an overnight fast, prior to and after 14 days of salsalate. In 
brief, blood samples were collected at baseline and 2, 3, 4, 5, 6, 8, 10, 
12, 14, 18, 20, 30, 40, 50, 60, 70, 80, 90, 100, 120, 140, 160, and 180 
minutes following intravenous administration of dextrose solution 
(0.3 g/kg). Acute insulin response to glucose (AIRg) was calculated as 
area under the curve (AUC) for insulin and C-peptide during the first 
10 minutes following glucose administration (corrected for baseline 
levels). Second phase insulin or C-peptide production was determined 
as AUC for insulin or C-peptide from 10 to 180 minutes. 

The following day, after an overnight fast subjects underwent 
hyperinsulinemic-euglycemic clamps. Intravenous lines were 
placed for infusion of test substances and collection of blood 
samples. The hand bearing the blood-sampling catheter was 
placed into a heated box at 65ºC to “arterialize” venous blood.30 
After collection of baseline samples for hormones and substrates, 
hyperinsulinemia was induced by primed (480 mU/m2/min × 
5 min and 240 mU/m2/min × 5 min) followed by continuous (120 
mU/m2/min × 240 min) infusion of insulin.24 Euglycemia was 
maintained at 80 mg/dL by monitoring plasma glucose at 5-minute 
intervals and adjusting rates of glucose (20%) infusion.31 

6,6-[2H2]-Glucose was infused during hyperinsulinemic-
euglycemic clamps to evaluate endogenous glucose production. 
A priming dose (181 mg/m2) was administered 4 hours before 
the first infusion of insulin and a continuous infusion (1.81 mg/
m2/min) was maintained throughout the study (480 minutes). 
The variable rate glucose infusion solutions were also enriched 
with 2.5% of 6,6-[2H2]-glucose.32 Hepatic glucose production 
(i.e., rate of glucose appearance) was calculated by dividing the 
6,6-[2H2]-glucose infusion rate by the measured steady-state level 
of deuterated glucose achieved during the last 20 minutes of the 
basal period and during hyperinsulinemia, using the formula: rate 
of endogenous glucose production (EGP, mg/kg/min) = isotope 
infusion rate × [enrichmentinfusate/enrichmentplasma) – 1]. Insulin 
suppression of endogenous glucose production (clampEGP) 
cEGP = GIR × [enrichmentinfusate/enrichmentplasma) – 1], with 
GIR being the mean rate of infusion of exogenous glucose 
during minutes 210 to 240 of the clamp. Insulin sensitivity was 
expressed as the metabolic rate (M) of glucose uptake at steady-
state hyperinsulinemia, normalized for mass (kg) of the subject. 
Insulin clearance rate (mL/min) = insulin infusion rate (pmol/
min)/plasma insulin concentration (pmol/mL).

Indirect calorimetry
Oxidative versus nonoxidative glucose disposal was assessed 
with continuous indirect calorimetry (Sensormedic, DeltaTrac) 
at baseline and during the last 60 minutes of the hyperinsulinemic 
clamp. Whole body O2 consumption and CO2 production 
were measured and the respiratory quotient calculated. A 
timed urine collection was performed to measure the nitrogen 
excretion rate as an index of protein oxidation. Carbohydrate, 
lipid, and protein oxidation rates and energy expenditure were 
calculated from O2 consumption, CO2 production, and urinary 
nitrogen excretion data. Respiratory quotient (RQ) and resting 
energy expenditure (REE) were calculated using the equations 
RQ = VCO2/VO2, with VO2 = oxygen uptake (mL/min) and VCO2 

 = carbon dioxide output (mL/min) and REE = 1.44 × (3.9 [VO2] 
+ 1.1 [VCO2]) according to the modified Weir equation.33 

Trial 3
The third group of diabetic subjects participated in a double-mask, 
placebo-controlled parallel study design of 1-month duration. At 

Salsalate dose 4.5 (g/d) 3.0 (g/d)

Glucose tolerance 2 IGt, 5 t2D 9 t2D

Gender 5F, 2m 6F, 3m
Age (year) 49 ± 9 51 ± 3
Bmi (kg/m2) 32 ± 6 34 ± 3
fBs (mmol/l)  6.2 ± 2.4 11.1 ± 1.3

hbA1c (%)  6.3 ± 1.7  8.1 ± 0.5

F = female; M = male; BMI = body mass index;  
FBG = fasting blood glucose (mg/dL x 0.0555 = mmol/L).

Table 1. Subject characteristics for the open label  
4.5 g/d and 3.0 g/d trials (mean ± SD).
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of 19% (6.2 ± 0.9 vs. 5.1 ± 0.4 mmol/L [112 ± 16 vs. 91 ± 7 mg/
dL], p < 0.03). Reductions for the 3.0 g/d trial were more modest 
at 9% (11.2 ± 1.3 vs. 10.2 ± 1.1 mmol/L [201 ± 23 vs. 183 ± 20 mg/
dL], p < 0.05). Similarly, there was a 19% reduction in glycated 
albumin at 4.5 g/d (13.3 ± 2.2 vs. 10.7 ± 1.6 %, p = 0.005) and 
a trend at 3.0 g/d (21.4 ± 1.6 vs. 20.3 ± 1.7%, p = 0.07) (Figure 
1J). While one cannot directly compare results between the two 
trials because patient characteristics and their overall glycemic 

control differ, it is important to note it is more difficult to improve 
glycemia within the near-normal range (e.g., trial 1) than when 
glucoses are less well controlled (trial 2). There was no clinical 
hypoglycemia, or change in body weight (Table 2). 

Improved glycemia was accompanied by increases in fasting 
insulin levels in both cohorts (44 ± 8 vs. 67 ± 14 pM [6.3 ± 1.1 
vs. 9.6 ± 2.0 µU/mL], p = 0.03 and 47 ± 15 vs. 83 ± 24 pM [6.7 
± 2.2 vs. 11.9 ± 3.5 µU/mL], p = 0.05, at 4.5 g/d and 3.0 g/d 
respectively) (Figure 1B). This effect could be due to augmented 
insulin secretion, decreased clearance, or both. However, fasting 
C-peptide (0.52 ± 0.13 vs. 0.30 ± 0.06 nM [1.6 ± 0.4 vs. 0.9 ± 
0.2 ng/mL], p = 0.06) tended to be lower in subjects receiving 
4.5 g/d salsalate (Figure 1C), consistent with diminished insulin 
clearance demonstrated previously following high-dose aspirin24 
and during insulin clamp studies described below. Fasting 
C-peptide concentrations were unchanged in the cohort treated 
with 3.0 g/d salsalate. 

Salsalate therapy was also accompanied by decreases 
in fasting triglycerides (Figure 1D), 40% (2.0 ± 0.4 vs. 1.2 ± 
0.2 mmol/L [174 ± 37 vs. 105 ± 20 mg/dL], p = 0.007) at 4.5 g/d 
and 11% (1.7 ± 0.5 vs. 1.5 ± 0.5 mmol/L [150 ± 47 vs. 133 ± 46 mg/
dL], p = 0.007) at 3.0 g/d. Other changes in fasting lipids were seen 
only at the higher dose, including reductions in total cholesterol 
by 12% (5.2 ± 0.5 vs. 4.6 ± 0.4 mmol/L [201 ± 19 vs. 177 ± 14 mg/
dL], p = 0.04) (Figure 1E) and nonesterified free fatty acids (FFA, 
Figure 1F) by 28% (0.71 ± 0.05 vs. 0.51 ± 0.05 mM, p = 0.02) with 
major fatty acid subtypes reduced equivalently (data not shown). 
While there was a reduction in HDL cholesterol (1.2 ± 0.1 vs. 1.1 
± 0.1 mmol/L [47 ± 3 vs. 43 ± 3 mg/dL], p = 0.01), parallel but 
nonsignificant reductions in LDL cholesterol (3.2 ± 0.5 vs. 3.0 ± 0.3 
mmol/L [124 ± 18 vs. 114 ± 13 mg/dL], p = 0.2) resulted in no 
overall change in HDL/LDL cholesterol ratio. 

Although blood pressure was already well controlled in 
these patients, there was an 8% drop in diastolic pressure in the 
group receiving 3.0 g/d (77 ± 4 vs. 71 ± 5 mm Hg, p = 0.02); 
the downward trends in systolic blood pressure in both groups 
and diastolic blood pressure at 4.5 g/d did not reach statistical 
significance (Table 2). Alanine aminotransferase (ALT) was 
reduced by 16% (26 ± 4 vs. 22 ± 3 mg/dL, p = 0.01) with 3.0 g/d, 
whereas other liver enzyme measures were unchanged in these 
small trials (Table 2).

Euglycemic-hyperinsulinemic clamps
In the 4.5 g/d salsalate treatment cohort, exogenous glucose infusion 
rates (GIR) during euglycemic-hyperinsulinemic clamps increased 
by 44% (p = 0.002), with corresponding 43% improvement in glucose 

disposal (4.2 ± 0.7 vs. 6.0 ± 0.9 mg/kg/min, p = 0.007) 
(Figure 2A and 2B). Indirect calorimetry indicates 
that enhanced glucose utilization is due primarily 
to improvements in nonoxidative glucose disposal 
(i.e., glycogen synthesis) (1.9 ± 0.5 vs. 3.2 ± 0.5 mg/
kg/min, p = 0.006) without change in oxidative 
glucose disposal (2.2 ± 0.2 vs. 2.6 ± 0.4 mg/kg/min, 
p = 0.2) (Figure 2C). Lower fasting glucose levels 
could not be ascribed to altered endogenous glucose 
production rates, as this was unchanged at baseline 
and during hyperinsulinemia. Interestingly, at the 
higher salsalate dose resting energy expenditure 
measured by indirect calorimetry increased by 11% 
(Figure 1M; 1605 ± 114 vs. 1785 ± 81 kcal/day,  
p = 0.007), which could contribute to lower fasting 
glucose levels.

Salicylates have previously been shown to 
reduce insulin clearance.24 Similarly, insulin levels 

Figure 1. Metabolic parameters in subjects prior to treatment (pre, grey boxes) and 
after 2-week treatment with 4.5 g/d (n = 7) or 3.0 g/d (n = 9) salsalate (post, black 
boxes). Fasting data are displayed for (A) blood glucose (mg/dL × 0.0555 = mmol/L), 
(B) insulin (pM/6.945 = μU/mL), (C) C-peptide (nM/0.333 = ng/mL), 
(D) triglyceride (TG, mg/mL × 0.0113 = mmol/L), (E) total cholesterol (mg/dL 
× 0.0259 = mmol/L), (F) free fatty acids (FFA, mM), (G) C-reactive protein (CRP, 
mg/dL), (H) sCD40L (ng/mL), (I) adiponectin (mg/dL), (J) glycated albumin (%), 
(K) nitrites (µM), (L) NF-kB activity (arbitrary units), and (M) energy expenditure 
(kcal/d). Data represent mean ± SEM; *p < 0.05, **p < 0.005.

Salsalate 4.5 (g/d) Salsalate 3.0 (g/d)

Pre Post p-value Pre Post p-value

weight (kg)  88.6 ± 8.3  88.4 ± 8.4 0.8  93.7 ± 7.2  94.2 ± 7.1 0.2

hdl (mmol/l) ˜  ̃   1.2 ± 0.1   1.1 ± 0.1 0.01   1.1 ± 0.1   1.1 ± 0.1 0.6

ldl (mmol/l) ˜  ̃   3.2 ± 0.5   3.0 ± 0.4 0.2   2.7 ± 0.3   2.9 ± 0.3 0.2

sBP (mm hg) 135 ± 4 128 ± 5 0.2 135 ± 6 125 ± 7  0.1

dBP (mm hg) ˜  75 ± 2  71 ± 4 0.3  77 ± 4  71 ± 5 0.02

Ast (U/l) ˜  25 ± 3  24 ± 4 0.6  20 ± 2  20 ± 2 0.7

Alt (U/l) ˜  21 ± 1  24 ± 2 0.2  26 ± 4  22 ± 3 0.01

cr (µmol/l) ˜  67 ± 5   77 ± 5 0.005  68 ± 6  72 ± 6 0.04

HDL and LDL mg/dL × 0.0259 = mmol/L; Cr = creatinine mg/dL × 88.4 = μmol/L.

Table 2. Indices for fasting subjects studied in the open label trials before salsalate therapy (pre) and after 2-week 
treatment (post) (mean ± SEM).
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in the first phase insulin release. Although insulin levels were 
also higher over the second phase of insulin secretion (10–180 
minutes), C-peptide levels were not increased during this later 
phase (Figure 3F), suggesting an important contribution of altered 
insulin clearance, as opposed to enhanced second phase secretion 
at the later times. While glycemia was marginally lower (ANOVA, 
p = 0.09) following salsalate at 3.0 g/d dosing (Figure 3B), and 
insulin levels were higher (ANOVA, p < 0.001), neither acute 
insulin secretory response expressed as change from baseline 
(∆AUC) nor C-peptide response from 0 to 10 minutes (Figure 3E) 
or 10 to 180 minutes (Figure 3F) was significantly altered at the 
lower dose. 

Inflammation
Since salsalate’s primary mechanism of action is antiinflammatory, 
we also looked at more conventional parameters of inflammation. 
CRP was reduced approximately 50% (6.0 ± 2.7 vs. 3.1 ± 1.7 mg/
dL, p < 0.05) in subjects treated with salsalate at 4.5 g/d, but 
was not significantly lowered in the 3.0 g/d cohort (4.5 ± 1.6 vs. 
3.3 ± 1.2 mg/dL, p = 0.4) (Figure 1G). Soluble CD40L, another 
circulating marker of inflammation, was decreased by 22% (3.1 ± 
1.0 vs. 2.4 ± 0.8 ng/dL, p < 0.05) at 4.5 g/d, but was not significantly 
lowered in the 3.0 g/d group (3.0 ± 0.7 vs. 2.7 ± 0.6 mg/dL, p = 
0.4) (Figure 1H). Adiponectin also increased by 40% in the 4.5 
g/d group (9.3 ± 2.1 vs. 13.0 ± 2.5 mg/mL, p = 0.008) and 35% 
in the 3.0 g/d group (10.7 ± 1.8 vs. 14.4 ± 2.2 mg/mL, p = 0.002) 
(Figure 1I). Additional markers and mediators of inflammation 
were assessed only at the higher dose where the clinical response 
was greater. Both interleukin-6 (IL-6) (2.7 ± 0.2 vs. 1.8 ± 0.2 pg/
mL, p = 0.1) and white blood cell counts (6.2 ± 0.8 vs. 5.3 ± 0.4%, 
p = 0.06) tended to decrease, although these changes did not reach 
statistical significance in this small trial. Fasting serum nitrites 

achieved during the clamp following salsalate administration 
were higher than those at baseline (1267 ± 109 vs. 2209 ± 230 
pM [182 ± 16 vs. 318 ± 33 μU/mL], p = 0.01) (Figure 2E), despite 
identical insulin infusion rates. This was due to a 40% reduction 
(p = 0.007) in insulin clearance after salsalate (Figure 2D). Higher 
circulating insulin concentrations are expected to participate in 
the antihyperglycemic effects of salsalate and other salicylates. 

Subjects receiving 3.0 g/d salsalate also had significantly 
improved glucose utilization during euglycemic-hyperinsulinemic 
clamp analyses, albeit a more modest increment of 15% (3.6 ± 0.8 
vs. 4.2 ± 0.8 mg/kg/min, p = 0.003) (Figure 2B). Nonoxidative 
glucose disposal tended to increase, although this did not reach 
significance at the lower dose (p = 0.06, data not shown). Again, 
insulin levels achieved during steady state in the clamps post-
salsalate were 18% higher (1317 ± 72 vs. 1555 ± 84 pM [190 ± 10 
vs. 224 ± 12 μU/mL], p = 0.05) (Figure 2F), which could largely 
be attributed to a comparable 14% reduction in insulin clearance 
(p = 0.04) (Figure 2D). 

Intravenous glucose tolerance testing
To evaluate effects of salsalate on b-cell function, the acute 
insulin secretory response was assessed during IVGTT. Glucose 
concentrations were significantly lower in subjects treated with 4.5 
g/d salsalate compared to baseline (Figure 3A) (p < 0.01, ANOVA). 
During the first 10 minutes (Figure 3C), insulin concentrations 
increased by 72% (∆AUC, 865 ± 521 vs. 2196 ± 1008 pM·min, 
p = 0.005). During the same period, there was a 50% increase in 
C-peptide levels (Figure 3E; ∆AUC, 5.7 ± 3.6 vs. 10.6 ± 4.8 ng/
mL·min, p = 0.04), consistent with this being a true improvement 

Figure 2. Euglycemic-hyperinsulinemic clamp data are shown for subjects treated 
for 2 weeks with 4.5 g/d or 3.0 g/d salsalate. (A) Exogenous glucose infusion rates 
(GIR) and (B) rates of total body glucose utilization (Rd) were determined during 
clamps before (grey boxes) and after (black boxes) 2-week treatment with 4.5 g/d 
or 3.0 g/d salsalate. (C) Rates of oxidative (grey boxes) and nonoxidative glucose 
metabolism (non-ox, hatched boxes) are shown before and after 2-week treatment 
with 4.5 g/d salsalsate. (D) Insulin clearance rates are shown at baseline (pre, grey 
boxes) and after 2-week treatment (post, black boxes) with 4.5 g/d or 3.0 g/d salsalate.  
(E, F) Insulin levels achieved during the clamps (pM/6.945 = μU/mL) are before 
(dashed grey lines) or after (solid black lines) 4.5 g/d and 3.0 g/d salsalate, respectively. 
Data represent mean ± SEM; A, *p = 0.02, **p = 0.002. B, *p < 0.009. C, *p = 0.006. 
D, **p = 0.01, *p = 0.05. E, ANOVA, p < 0.005. F, ANOVA, p < 0.02.

Figure 3. Intravenous glucose tolerance tests (IVGTT). (A, B) Glucose excursions 
(mg/dL × 0.0555 = mmol/L) and (C, D) insulin responses (pM/6.945 = μU/mL) 
during IVGTTs were before (pre, dashed grey lines) or after (post, solid black lines) 
2-week treatment with (A, C) 4.5 g/d or (B, D) 3.0 g/d salsalate. (E) The acute 
(0–10 minutes) and (F) delayed (10–180 minutes) insulin secretory responses  
to glucose, calculated as the area under the curve (AUC) C-peptide, at baseline  
(pre, grey boxes) and after 2-week treatment (post, black boxes) with 4.5 g/d or 
3.0 g/d salsalate. Data represent mean ± SEM; *p = 0.04.
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Figure 4. Metabolic parameters of subjects treated with salsalate at highest tolerated 
dose. (A, B) Fasting glucose levels (mg/dL × 0.0555 = mmol/L) are at baseline and 
after 2 or 4 weeks of treatment or placebo; (C) change in fasting glucose values are 
for the salsalate (Sal) and placebo (Pla) groups at 4 weeks. (D) Glycated hemoglobin 
(%) is shown at baseline and after 4-week salsalate (Sal) or placebo (Pla).  
(E, F) Glucose excursions following a liquid meal are before (pre, dashed grey lines) 
or after (post, solid black lines) 4-week salsalate or placebo. (G) Changes in glucose 
(area under the curve, AUC) following liquid meal for salsalate (Sal) and placebo 
(Pla). Data represent mean ± SEM. *p < 0.04, **p = 0.002

g/d. Blood salicylate levels were in the range considered to be 
therapeutic, 0.15 ± 0.03 mmol/L [21 ± 4 mg/dL] at 2 weeks 
and 0.09 ± 0.02 mmol/L [13 ± 3 mg/dL] at 4-week treatment. 
Neither serum creatinine nor anion gap changed in the 4-week 
trial, although systolic blood pressure was 8% higher in the 
treatment group (125 ± 4 vs. 135 ± 6, p = 0.01) and unchanged 
with placebo.

The lowering of fasting glucose (1.0 mmol/L [18 mg/dL]; 
13%) that was present following 2 weeks was sustained for 4-week 
salsalate (Figure 4A: 7.5 ± 0.3 vs. 6.4 ± 0.3 mmol/L [136 ± 6 vs. 
116 ± 5 mg/dL], p = 0.002); placebo was ineffective (Figure 4B: 
7.0 ± 0.4 vs. 7.1 ± 0.3 mmol/L [127 ± 8 vs. 128 ± 6 mg/dL], p = 0.8). 
The change from baseline in a between-group comparison 
was highly significant (p = 0.003) (Figure 4C). Fasting insulin 
increased by 77% following 4-week salsalate (108 ± 22 vs. 193 ± 22 
pM [15.6 ± 3.2 vs. 27.8 ± 3.2 µU/mL], p = 0.007), whereas fasting 
C-peptide was reduced by 28% (1.6 ± 0.25 vs. 1.1 ± 0.21 nM 
[4.7 ± 0.7 vs. 3.4 ± 0.6 ng/mL], p = 0.002). Neither insulin (132 ± 20 
vs. 131 ± 14 pM [19 ± 3 vs. 19 ± 2 µU/mL], p = 0.4) nor C-peptide 
(1.9 ± 0.4 vs. 1.5 ± 0.2 nM [5.6 ± 1.3 vs. 4.4 ± 0.5 ng/mL], p = 0.4) 
was changed with placebo. 

Salsalate also reduced the glycemic response to a mixed 
meal, with differences in the fasting measurements sustained 
throughout the postprandial period (Figure 4D). Since placebo 
did not alter fasting or postprandial blood glucose concentrations 
(Figure 4E), there was a significant difference in ∆AUC glucose 
values (p = 0.006) (Figure 4F). Similarly, glycated albumin was 
reduced by 21% following salsalate (17.2 ± 1.9 vs. 13.5 ± 2.2%, 
p = 0.0001) but unchanged following placebo (14.8 ± 0.6 vs. 
14.8 ± 0.5%, p = 0.8). While 1 month is a short time to demonstrate 
changes in glycohemoglobin, a significant reduction was observed 
in the 4-week salsalate treatment group (HbA1c: 7.1 ± 0.4% vs. 
6.8 ± 0.4%, p = 0.03) that was not present in the placebo group 
(6.7 ± 0.2% vs. 6.5 ± 0.2%, p = 0.2). 

In the placebo-controlled trial, salsalate was also associated 
with a 33% reduction in fasting free fatty acid concentrations 
(0.57 ± 0.07 vs. 0.38 ± 0.06 mM, p = 0.0009), which was sustained 
following a mixed meal challenge (Figure 5A). These metabolic 
changes were associated with a 66% increase in plasma insulin 
levels (Figure 5C; ∆AUC, p = 0.004) and a 19% reduction in 
C-peptide concentration (Figure 5E; ∆AUC, p = 0.04), consistent 
with reduced insulin clearance and an improvement in insulin 

decreased by 33% during salsalate therapy (0.49 ± 0.05 vs. 0.33 
± 0.04 μM, p = 0.02) (Figure 1K). 

To evaluate salsalate effects on NF-kB more directly, we 
looked at its DNA binding capacity in homogenates isolated from 
circulating PBMCs. NF-kB activity decreased after drug treatment 
by about 65% (p = 0.04) (Figure 1L). The effect was reversible and 
began to return toward baseline levels 1 week after discontinuing 
the drug (data not shown). While it is unknown whether PBMCs 
actively participate in the pathogenesis of insulin resistance, some 
studies suggest that they might do.34,35 At a minimum, circulating 
leukocytes provide a readily accessible source of cells for assessing 
in vivo NF-kB activity.

Safety and tolerability
Six of the seven subjects treated with 4.5 g/d salsalate experienced 
tinnitus, and two required dose reductions due to tinnitus or 
headache. These are well known and expected side effects of high-
dose salicylate. Symptoms improved upon dose reduction and all 
subjects completed the study. Serum salicylate levels were 0.21 ± 
0.01 and 0.15 ± 0.01 mmol/L [28.4 ± 2.0 and 19.0 ± 2.0 mg/dL], at 
1 and 2 weeks of treatment at 4.5 g/d, respectively. Lower levels at 
the second week are due, at least in part, to reduced doses. Salicylate 
levels seen in the 4.5 g/d trial were comparable to those achieved in 
the previous study using high-dose (approximately 7 g/d) aspirin 
(27 mg/dL).24 At the standard salsalate dose of 3.0 g/d, no subject 
experienced tinnitus or required dose reduction, but clinical 
responses were modest. Serum salicylate levels were lower as well, 
0.4 ± 0.01 mmol/L [5.4 ± 1.3 mg/dL], which would be considered 
subtherapeutic by conventional rheumatologic standards. 

Only the high dose of salsalate was associated with a tendency 
toward increased anion gap. Both doses were associated with 
small but significant increases in serum creatinine (Table 2), 
although this remained in the normal range and returned to 
baseline 1 week after discontinuation of salsalate. 

Trial 3
While our trials demonstrated improved glucose metabolism at 
both 4.5 and 3.0 g/d doses, side effect of tinnitus would likely limit 
clinical applicability at the higher dose and efficacy was modest 
at the lower, standard dose. Thus, we sought to examine evidence 
of clinical efficacy in type 2 diabetes at the maximum tolerable 
dose. As participation in any clinical trial could alter glycemia 
by subtle changes in lifestyle, we employed a placebo-controlled, 
double-masked design in this third clinical trial, conducted for 

4 weeks in contrast to 
the previous 2-week 
trials, to begin to 
assess durability, 
as well. Subjects 
randomized to active 
and treated groups 
were generally similar 
at baseline, although 
cholesterol levels 
were modestly higher 
in the placebo-treated 
group (Table 3). 

Five of the eight 
subjects randomized 
to salsalate tolerated 
the initial 4.0 g/d dose; 
three developed mild 
tinnitus that resolved 
with reduction to 3.5 

salsalate Placebo p-value

Age (year) 51 ± 12 54 ± 8 0.6

Gender 3 M, 5 F 5 M, 4 F 0.5

Bmi (kg/m2) 32.5 ± 6.4 31.5 ± 4.9 0.7

fBs (mmol/l) 7.5 ± 1.0 7.0 ± 1.4 0.4

hbA1c (%) 7.1 ± 1.2 6.7 ± 0.5 0.3

sBP (mm hg) 125 ± 12 132 ± 15 0.3

dBP (mm hg) 71 ± 4 78 ± 10 0.1

chol (mmol/l) 3.9 ± 0.8 4.7 ± 0.7 0.04

treatment 5 Met, 1 SFU, 2 LS 6 Met, 1 SFU, 2 LS NS

F = female; M = male; BMI = body mass index; FBG = fasting blood 
glucose; Met = metformin; SFU = sulfonylurea; LS = lifestyle; Chol = 
cholesterol (mg/dL × 0.0259 = mmol/L); NS = not significant.

Table 3. Subject characteristics for the placebo-controlled trial of 
salsalate at maximum tolerated dose (mean ± SD).  
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sensitivity leading to a reduction in insulin secretion as assessed by 
C-peptide concentrations. Plasma glucose, free fatty acids, insulin, 
and C-peptide concentrations were all unchanged from baseline 
during mixed meal tolerance testing of the placebo group (Figures 
4G, 5B, 5D, and 5F). 

CRP levels did not change significantly during this third 
small trial in either active or placebo treatment groups. However, 
adiponectin levels increased by 46% in the salsalate group 
(15.5 ± 1.9 vs. 22.7 ± 2.5 mg/mL, p = 0.001) with no change 
following placebo (11.2 ± 2.2 vs. 10.6 ± 2.0, p = 0.3), associated 
with a highly significant change from baseline in the between group 
comparison (Figure 5G, p < 0.0003).

Discussion
The purpose of the current set of clinical trials was two-fold, first 
to translate previous preclinical findings suggesting the IKKb/
NF-kB pathway is a new pharmacological target for treatment and 
prevention in insulin resistance and type 2 diabetes, and second 
to provide preliminary assessments of efficacy, tolerability, and 
durability of salsalate as a new treatment for insulin resistance 
and type 2 diabetes. 

The three small-scale trials consistently showed clinical efficacy 
for the antiinflammatory drug salsalate in the treatment of type 2 
diabetes. The benefits include about 10% to 20% reductions in fasting 
and postchallenge hyperglycemia, albeit with different magnitudes 
at different doses in patients with differing severity of dysglycemia. 
Two-week durations are too short to expect significant changes in 
HbA1c, but consistent with the shorter half-life of albumin, glycated 
albumin improved within 2 weeks in the 4 and 4.5 g/d dose studies 
and tended to improve with 3.0 g/d. Even a 4-week trial duration 
is too short to expect a change in HbA1c, but a decrease of 0.3% 
in HbA1c and a highly significant drop in glycated albumin also 
supported sustained improvements in glycemic control in the 4-week, 
highest tolerated dose trial. Impressive reductions were also seen in 
circulating levels of triglyceride and free fatty acids, particularly 
at the higher salsalate doses, consistent with previous findings in 
rodents treated with high-dose sodium salicylate or aspirin8,9 and 
humans treated with high-dose aspirin.24 This is an important result 
as patients with diabetes often have elevated circulating lipids that 
potentially contribute to both the pathophysiology of type 2 diabetes 
and its associated complications. 

Glucose utilization improved following both 4.5 and 3.0 g/d doses 
of salsalate, although the 50% improvement at the higher dose was 
more dramatic. Nevertheless, the 15% increase in glucose utilization 
seen with the lower dose could have meaningful clinical benefit 

with prolonged use. Two mechanisms may contribute to improved 
glucose utilization, increased insulin concentration, as demonstrated, 
and insulin sensitization. Increased insulin concentration 
likely contributes to lower glycemia and improved metabolism. 
Improvements in insulin sensitivity were more specifically addressed 
in the previous study using high-dose aspirin in which insulin 
levels during euglycemic-hyperglycemic clamps were equalized.24 
Both the previous study and our current study show that high-
dose salicylates reduce insulin clearance, explaining higher insulin 
levels. Pharmacokinetics of salicylates differ in rodents and increased 
insulin levels are not seen, thus the mechanism of reduced insulin 
clearance in humans cannot be easily explored in rodent models. 
In the aspirin study, insulin sensitization persisted when insulin 
levels were matched.24 Other potential physiologic mechanisms for 
improving glycemia with salsalate include improvements in resting 
energy expenditure and nonoxidative glucose metabolism, although 
these mechanisms were significant only at the higher dose in these 
small trials. Improved nonoxidative glucose metabolism is often 
seen with other insulin-sensitizing agents, including metformin and 
thiazolidendiones. However, increased resting energy expenditure is 
not generally seen with antidiabetic drugs and has potential clinical 
importance in diabetes and obesity.

Insulin and C-peptide concentrations increased during 
the first 10 minutes following intravenous glucose challenge 
with 4.5 g salsalate, consistent with improvement in the acute 
insulin secretory response to glucose and with previous studies 
suggesting favorable effects of salicylates on beta cell function.36,37 
However, in the 2 hours following mixed meal stimulation 
there were simultaneous increases in insulin and decreases in 
C-peptide concentration, suggesting altered insulin clearance 
and/or insulin sensitization confounds interpretation at these later 
times. Reduced free fatty acid levels could contribute to benefit 
in insulin secretion and/or glucose utilization.

Given that salsalate is a nonsteroidal antiinflammatory drug, 
albeit an unusual one that inhibits NF-kB and not the cyclooxygenases, 
it is encouraging to have found changes in circulating levels of 
inflammatory mediators and markers of cardiovascular and diabetes 
risk. There may be both direct and indirect antiinflammatory 
mechanisms as insulin itself may have antiinflammatory properties 
and insulin levels increase following salicylate administration.38,39 
Circulating CRP concentrations decreased by 50% following 2 weeks 
of salsalate at 4.5 g/d, although not significantly at lower doses. Like 
CRP, the expression of sCD40L, IL-6, and inducible nitric oxide 
synthase (iNOS) are NF-kB regulated; the targeted disruption of 
iNOS, a major enzyme involved in nitric oxide (NO) synthesis, 
protects against obesity-linked insulin resistance.40 While NO is 
sufficiently volatile, with a plasma half-life of under 15 seconds, that 
its in vivo measurement is difficult, it is metabolized to more stable 
products41,42; nitrites can be used as a measure of NO production. 
Similarly, circulating levels of sCD40L and nitrites were reduced at 
the high dose of salsalate. Adiponectin increased by 35% to 45% in all 
salsalate treated groups, consistent with improved insulin sensitivity 
and which may have independent cardioprotective value.43–45 The 
decreases in levels of circulating proteins and enzymatic products 
are consistent with inhibition of NF-kB and support it as a molecular 
target of high-dose salicylate. We hypothesize even small decreases 
in NF-κB activity, as with salicylate therapy, would induce small but 
relevant decreases in expression of multiple, potentially pathogenic, 
inflammatory mediators and improve metabolism in patients with 
type 2 diabetes. 

There is substantial evidence for activation of NF-κB in 
multiple tissues in obesity, type 2 diabetes, and cardiovascular 
disease, including adipose tissue, liver, and the vasculature. 
Parenchymal cells and associated immune cells participate in 

Figure 5. Metabolic 
parameters. Responses 
to the liquid meal for 
subjects treated with  
(A, C, E) highest tolerated 
salsalate dose or (B, D, F) 
placebo are before (pre, 
dashed grey lines) or 
after (post, solid black 
lines) 4-week treatment. 
(G) Adiponectin (mg/dL) 
levels were determined 
before and after 4-week 
maximum tolerated dose 
salsalate or placebo, 
**p = 0.001. Insulin, 
pm/6.945 = μU/mL; 
C-peptide nM/0.333 = 
ng/mL. Data represent 
mean ± SEM.
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administered prior to baseline evaluation and not used in trial 3 
and thus is unlikely to underlie metabolic changes. Salsalate has 
less gastrointestinal side effects than aspirin or other NSAIDs and 
concomitant use of misoprostol is unlikely to be required for the 
chronic treatment of diabetes in most patients.

Conclusions
Data from these three small trials demonstrate that salsalate may 
benefit patients with diabetes. These are the first studies showing 
that potentially safe and tolerable doses of salsalate positively impact 
multiple endpoints in type 2 diabetes, although dosing of salsalate 
may need to be close to that producing tinnitus. Salsalate is generic, 
and inexpensive to manufacture. Given its long-term safety profile 
in humans, salsalate thus provides the potential for large healthcare 
economic benefits. However, enthusiasm must be tempered by 
limitations of the current studies, including that the 4.5 and 3.0 
g/d cohorts were not masked, small numbers of subjects were used 
in each treatment group, durations of drug treatment were short, 
and studies were conducted at a single site and sequentially so 
subjects were not randomized to the protocols. Notwithstanding 
these limitations and based on the encouraging findings of these 
small trials, larger randomized trials are warranted and underway, 
in the NIDDK-sponsored Targeting Inflammation with Salsalate 
in T2D (TINSAL-T2D) trial.
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Ever since major clinical outcomes studies proved that tight control 
of type 2 diabetes can delay or prevent the devastating long-term 
microvascular complications of the disease, clinicians have been 
challenged to use all of the treatment options available in their 
armamentaria to help patients achieve appropriate glucose goals.1 
However, even with more aggressive treatment guidelines in recent 
years, many patients are still falling short of these universally accepted 
goals, even with earlier or in some cases the initial use of combinations 
of oral therapies. A worldwide epidemic of type 2 diabetes is underway 
that shows no signs of remitting in the next several years.2 In order 
to address the basic therapeutic needs of these millions of patients, 
additional treatment options will need to be made available, especially 

to have some hope of getting the majority to patients to accepted 
glucose treatment goals.

How can translational research help in the practical development 
of new therapeutic agents for type 2 diabetes? Many of the common 
medications now used to treat diabetes were first discovered as 
natural products or by drug screening for glucose-lowering effects 
in diabetic animal models, including metformin, sulfonylureas, and 
thiazolidinediones. More recently, however, newer oral agents have 
been developed that target a specific therapeutic pathway. Perhaps 
the best examples of this approach includes agents that affect the 
incretin pathway.3 Administering agonists of GLP-1 receptors, such 
as exenatide, or increasing endogenous GLP-1 in the circulation by 




